performance for the parameters used in this study. Nevertheless, the variation of the operating parameters have been shown to affect the overall performance of the fuel cell significantly in the counter-flow mode. As the temperature rose, the electrochemical kinetics were enhanced and diffusion of ions was also facilitated due to a better hydration environment, resulting in a better overall performance. On the other hand, a poorly hydrated membrane was obtained when the relative humidity was decreased due to a smaller extent of back diffusion of water from the anode catalyst layer to the cathode catalyst layer and consequently, the diffusion of ions was negatively affected.
INTRODUCTION
The global demand for alternative sources of energy has increased considerably in the past few decades.
Thus, extensive effort has been directed to the electrochemical energy conversion and storage technologies, such as batteries, super-capacitors, fuel cells to name a few. In the respect of energy conversion, several kinds of fuel cells have been developed such as polymer exchange membrane fuel cell (PEMFC), solid oxide fuel cell (SOFC) and direct methanol fuel cell (DMFC) to name a few major categories. High efficiency compared to conventional fossil fuel fired engines, high power density and the absence of greenhouse gas emission are just some of the advantages of the PEMFC compared to fossil fuel engines [1, 2] . Moreover, the applications of PEMFC include but not limited to electronic devices, transportation and stationary generators. In order to make PEMFCs a feasible alternative to energy conversion, the main challenge, in terms of material, lies in the production of a membrane with the following characteristics: low cost, high ion conductivity, satisfactory mechanical properties and durability [3] [4] [5] [6] . The PEMFCs can be classified in proton exchange membrane (PEM) and anion exchange membrane (AEM), and their schematic representations are shown in Figure 1 .
The complexities and uncertainties of the first has been widely analysed in the recent literature and mathematical analysis and numerical modelling are becoming increasingly essential to gain fundamental insights into the heat, momentum and species transport phenomena within fuel cells [7] [8] [9] [10] [11] [12] [13] . To date, limited effort have been directed to the numerical modelling of underlying electrochemical and transport phenomena presented in the energy conversion in AEM fuel cells [14] [15] [16] , and the present analysis addresses this gap in existing literature.
The general representation of the electrochemical reaction in an AEM fuel cell is presented below:
It is worth noting that water, the product of the electrochemical reaction, plays a crucial role in determining the overall efficiency of the fuel cell. When in abundance, the water can flood the catalyst layers and limit the transport of reactants within the layer [7, 17] . On the other hand, the humidification of the membrane has a positive effect on the ion transportation through the catalyst layers and membrane [18] . The catalyst layer is often modified in order to optimise the overall efficiency of the fuel cell [19] [20] [21] . Results suggested that the optimum ionomer content in the catalyst layer varies depending on the temperature, as it has dependence on the balance between the − ion/water mobility and the oxygen solubility [22, 23] . In addition, the catalyst layer structure and wettability influence the liquid-water transport within the cell, which can further change the hydration of the membrane and the optimum ionomer content [8] . Another analysis [24] focused on the oxygen reduction in a based cathode catalyst layer, where the performance in alkaline AEM fuel cell is comparable with one with in its base. A high-fidelity numerical model can potentially play a complementary role to experimental investigations, and can provide detailed insights into the interactions between the electrochemical mechanism, and heat and mass transport phenomena, which play pivotal roles in water management of AEM fuel cells. One-dimensional numerical analyses conducted by Sohn et al. [25] reinforced the importance of the anode humidification in order to achieve better membrane performance. Results suggested that under dry anode condition, the overall fuel cell performance was significantly negatively affected [25] . Numerical and experimental analyses were conducted in order to evaluate the deviated concentration loss in alkaline AEM fuel cells [26] . Results suggested that charge transfer and anion transport resistances negatively affect the fuel cell performance above a threshold current density, and better cathode catalyst layer hydration and overall performance can be obtained as a result of judicious water management [26] . Three-dimensional numerical analyses of water transport, production and phase change have been reported in the literature on PEM fuel cells [27, 28] , whereas water management models were considered only on the anode side for AEM fuel cells [16] . With respect to the flow mode, PEM fuel cells have been numerically analysed for both co-flow and counter-flow (where the flow direction in the cathode side was inverted in comparison to the anode side)
configurations [29] . Subsequently a transient analysis has been performed in order to analyse the dynamic effects of operating parameters on the anode side in the AEM fuel cells [14] . Jiao et al. [15] proposed a comprehensive three-dimensional steady state numerical model for a single-channel AEM fuel cell and numerical results exhibited reasonable agreement with experimental results [15] . Further analyses [30] on the water transport in alkaline AEM fuel cell have been carried where the interfacial effect has also been taken into account. Deng et al. [30] suggested that membrane thickness, micro porous layers (MPL) in the anode side and pressure at the anode side have significant influences on the overall performance of the alkaline AEM fuel cell, as they affect the water transport through the membrane. Experimental [31] and numerical [30] analyses on the use of MPL and the effect of electrode characteristics in alkaline AEM fuel cell have also been carried out. It has been observed that the use of MPL and increasing the back pressure on the anode side contribute to the enhancement of the fuel cell performance [30] . However, the lack of water supply on the cathode side is still an issue to be addressed [32] . The numerical optimization of an alkaline membrane fuel cell was proposed by Sommer et al. [33] , where three degrees of freedom were considered. For the cases studied, Sommer et al. [33] observed a 600% variation in the net power output of the fuel cell, clearly demonstrating the importance of well dimensioned components on the performance. Nevertheless, the effects of flow direction in the channels for both anode and cathode are yet to be analysed in detail for AEM fuel cells. The aim of this work is to develop a steady state three-dimensional AEM fuel cell model, which is capable of reproducing the electrochemistry within the catalyst layers and accounting for the water transport, production and phase change within typical AEM fuel cells.
In this study, a three-dimensional representative model of an AEM fuel cell is proposed, and the effects of temperature, relative humidity and flow direction in anode and cathode channels on the overall performance of the fuel cell have been investigated.
MATHEMATICAL BACKGROUND

Assumptions
For the purpose of the computational economy, a number of assumptions have been made in this numerical investigation. Here a steady-state model is considered without the presence of body forces (e.g. gravity). The contamination of gases at the channel inlet is neglected and the gaseous species are considered to be ideal gases. The gas flow within the channel is considered to be laminar (because the Reynolds number in the channel remains of the order of 10 2 based on hydraulic diameter) and no liquid water presence is assumed in the flow channel. The membrane is considered to be impermeable and thus the species cannot cross it.
Mathematical framework
Transport equations of gas mixture
The transports of gas mixture in the flow channel, catalyst layer and, gas diffusion layer are governed by the mass, momentum and species conservation equation. The mass conservation equation can be given as:
where is the density of the gaseous phase and ⃗ is the superficial velocity vector, which is proportional to the physical velocity vector ⃗ ⃗ , as given below:
where is the porosity in the domain and is the volume fraction of the liquid water occupied in the void. The source term of the mass conservation equation, , is defined as
where 2 , 2 and 2 are the species source terms, and they will be defined later.
The momentum equation under steady-state takes the following form:
where is the pressure field of the gaseous phase, ̿ is the viscous stress tensor. The Darcy's Law is used to describe the flow of the gaseous phase through the porous medium, thus, the source term of the momentum equation is defined as:
where and stand for the dynamic viscosity and the effective permeability of the gas in the porous medium. As the permeability of the liquid and gaseous phase are affected by the saturated water in the porous medium, the effective permeability for gaseous and liquid phase ( and ) are given as [14] :
where 0 is the intrinsic permeability of the medium.
The species conservation equation can be given as:
where denote the gas species, is the mass fraction, is the effective diffusivity and is the source term of the th species. Due to the porosity and the volume occupied by the liquid water in the porous medium, the species diffusivity has to be corrected. Thus, the corrected diffusivity for the th species is estimated using the Bruggeman approximation [34, 35] :
where is the mass diffusivity for the th species, listed in the Table 1 . The source term for different species is defined as:
where the subscripts and denote anode and cathode, respectively, is the local current density, is the molecular weight of the th species, is the Faraday constant (96487000 C/kmol) and the remaining terms are the source terms regarding the liquid and dissolved phase and further explanation will be presented later.
The local current density for the anode and cathode side, defined by the Butler-Volmer equation [15] , can be expressed as:
where is the specific reactive surface area; 2 and 2 are the molar concentration for the hydrogen and oxygen, respectively; 2 and 2 are the reference molar concentration of hydrogen and oxygen, respectively; is the specific area of the catalyst layer; 0, and 0, are the exchange current density at the anode and cathode side, respectively; and are the anodic and cathodic charge transfer coefficient, respectively; is the universal gas constant (8314 J/kmolK); T is the absolute temperature in K and is the overpotential. In this study, the overpotential is defined as follows:
where and are the electronic and ionic potential, respectively. The electrochemical kinetics parameters are presented in the Table 2 according to Ref. [36] .
Transport of liquid water
The continuity equation for the liquid water fraction is described as:
where is the liquid water density. The liquid water transport inside the fuel cell is driven by the capillary pressure, , and which is expressed as [7] :
where and are the gaseous and liquid pressure, respectively, and they are related with the liquid water fraction. According to Darcy's law one gets:
where is the liquid water dynamic viscosity. Then, rearranging the Eqs. 21 and 22 into Eq. 20, yields
Since the capillary pressure is dependent on the liquid fraction, one gets:
Thus, the liquid water conservation equation can be rewritten as [28] :
The capillary pressure, according to the Leverett-J function [7, 37] , is expressed as:
where is the surface tension coefficient and is the contact angle. It is worthwhile to note that the capillary pressure (P c ) and related wetting properties (such are breakthrough pressure and adhesion force) of porous transport layers (GDL and catalyst layer) are functions of contact angle, pore size, pore structure, and the thickness of the layer [38] [39] [40] . These wetting properties influence the capillary pressure and hence the liquid droplet formation and detachment. In the present study, the effects of liquid-water droplet formation and detachment on the performance of the cell have been neglected.
Since the Leverett-J function has been widely used for fuel cell models and it provides a reasonable estimation of capillary pressure for any arbitrary porous transport layers with a known contact angle [7, 41] , this approach has been adopted for the current analysis. However, the present model is capable of incorporating the experimentally measured capillary pressure and related wetting properties values, which would be addressed in the future investigations. Inside the porous medium at the anode catalyst and gas diffusion layer, the difference between water gaseous phase and saturated pressure raises the possibility of evaporation and condensation phenomena. This is accounted for as [42] :
where and are the condensation and evaporation rates, respectively; 2 and are the water gaseous phase pressure and the saturation pressure, respectively. The saturation pressure is obtained using the following empirical expression [43] : 
The water produced as the product of the electrochemical reaction at the anode catalyst layer is considered to be in the liquid phase, thus, the source term of the liquid water conservation equation is given by:
Membrane water content
Due to the forward and backward diffusion, and also for the electro-osmotic drag, water is transported through the membrane. This is accounted for by the membrane water content. The transport equation of membrane water content is given as [28] :
where is the diffusivity of the membrane water content, is the equivalent molecular weight of the membrane in a dry condition, is the membrane density. The membrane water content can be related to the dissolved water concentration by the following expression: 
Nevertheless, due to the ionomer content in the catalyst layer, the membrane water content diffusivity coefficient has to be corrected as:
where is the volume fraction of the ionomer in the catalyst layer. The electro-osmotic drag coefficient,
, is expressed as [43] :
The water flux in and out of the membrane due to the sorption and desorption is defined in an equilibrium approach in the following manner [27] :
where is the water transfer rate and is the membrane water content in an equilibrium hydration state and it can be computed as [15] : 
where is the water activity, which is defined as:
The source term of the membrane water content transport equation is defined as:
Electrical potential
The electronic and ionic potential fields are governed by the Ohm's Law, and they can be expressed, respectively, as [44] :
where and are the effective conductivity of electrons and ions, respectively; and are the electronic and ionic current density, respectively; and are the source term for the electronic and ionic potential conservation equations, respectively. The conductivities are dependent on the physical properties of the medium, which are evaluated using the Bruggeman approximation and the expressions are given as [34, 35] :
where is the ionomer volume fraction and and are the electronic and ionic conductivity, respectively. Nevertheless, the ionic conductivity is dependent on the operating temperature and also the water activity in the vapour phase, as presented in the following expression 
Energy equation
The energy conservation equation for a multi-phase flow in porous media, multi-species model can be expressed as:
where is the effective conductivity, is the total energy in the gaseous phase, ℎ is the sensible enthalpy for the th species, ⃗ ⃗ is the diffusion flux of the species . Further explanation of the energy conservation equation can be found elsewhere [45] . The source of heat, , is composed by the reversible heat released during the electrochemical reaction, the irreversible heat, the ohmic heat and the latent heat during the water phase change and sorption/desorption process. Thus, the heat source term for the different domains is defined as [46] 
where Δ is the entropy change of the HOR.
Boundary Condition
In this study, the mass flow rates at the anode and cathode inlets, respectively, are specified as:
where and are the stoichiometry ratios of anode and cathode, respectively; is the reference current density; is the active reaction area; and are the density of the gas mixture at the anode and cathode, inlet respectively. The hydrogen and oxygen concentration at the anode and cathode inlet are specified as:
where and are the inlet pressure at the anode and cathode, is the relativity humidity at the inlet. In the oxygen concentration at the cathode inlet, 0.21 represents the molar fraction of oxygen provided in the air mixture. The operating temperature, 0 , is also specified at both anode and cathode inlets.
The approach suggested by Hao et al. [28] is used to specify the electronic potential boundary conditions. Thus, the boundary condition of the electronic potential is specified at the top surface of the anode and at the bottom surface of the cathode electrode as:
where is the theoretical reversible voltage and is the output voltage. Considering a thermodynamic equilibrium state, the theoretical reversible energy can be written in a modified version of the Nernst equation as:
where Δ is the Gibbs free energy change, Δ is the entropy change at reference temperature and pressure, and , respectively, 2 is the partial hydrogen pressure, 2 is the partial oxygen pressure. The Neumann condition (symmetry or no-flux condition) is applied for all other boundary conditions, which is given by:
where can be any variable of interest.
Computational domain
For the purpose of the computational economy, a straight channel half-cell is considered. The computational domain is shown in Fig. 2 . The relevant structural parameters and physical properties are presented in the Table 3 and Table 4 [15, 36], respectively.
Numerical procedure
All the conservation equations are solved in a coupled manner in the framework of the finite-volume method using a commercial software package ANSYS FLUENT. The implementation of the scalar equations and auxiliary functions was carried out through the user defined functions (UDF). A secondorder central difference scheme is used for the diffusive term, whereas a second-order upwind scheme is used for convective terms. The well-known SIMPLE algorithm [47] is used for linking the pressure and velocity fields. The convergence criterion of 5 × 10 −7 for the normalised residuals does has been considered and it has been ensured that a smaller value of normalised residual does not significantly affect the results. An extensive grid independence analysis has been carried out using nine different Cartesian meshes, which are referred to as M1 to M9, with non-uniform grid spacing. The nondimensional minimum cell distance and the grid expansion ratio values are presented in Table 5 , where , and are the number of grid points in the , and z directions and , and are the associated errors with respect of the variation of the number of grid points in , and directions, respectively. The following equation defines the error associated to the variation of the number of grid points in the direction, but a similar approach was also extended to other directions:
where , is the mean current density for the reference mesh in the direction. It was observed that the mesh density in and directions do not significantly affect the computational results, whereas the error associated with number of volumes in the direction is sensitive to the mesh density in this direction. Thus, M5 has been considered for the current analysis for the purpose of computational economy and the total error, , associated with it can be estimated as:
The numerical model is validated by comparing the polarization curve (i.e. variation of voltage with current density) obtained from numerical simulations with experimental findings [48] , as shown in the Figure 3 , which reveals that a good agreement is achieved between numerical and experimental findings. However, some parameters (e.g. kinetic parameters, porosity, and intrinsic permeability) were not specified in Ref. [48] and typical values for these quantities (see Tables 2 and 3 ) are chosen for numerical simulations. An almost constant parallel shift between the voltage-current density characteristics between experimental and computation results indicates that this deviation is perhaps an artefact of a combination of uncertainties related to transport characteristics and contact resistance but these effects are difficult to isolate in a complexly-coupled system such as a fuel cell. The level of qualitative agreement between numerical and experimental results is consistent with several previous analyses [49, 50] . Nevertheless, in order to investigate the capacity of the numerical model to fit the experimental data, additional simulations were carried out considering all parameters the same except the porosity of the GDL, which was considered as = 0.4 [26] in comparison to = 0.6 listed in Table 3 . It can be seen from Figure 3 that by only changing the porosity of the GDL, the polarization curve approaches the experimental results, demonstrating that the numerical results can fit the experimental data by tuning the parameters, which are not specified in Ref. [48] . The results shown in Section 3 corresponds to the physical properties and parameters listed in Table 3 because the qualitative nature of the results do not change as a result of changing from 0.6 to 0.4.
RESULTS & DISCUSSION
The model presented in this analysis is used to assess the influence of the flow direction in the flow channels on the overall fuel cell performance. In this paper, the co-flow configuration refers to the condition when the flows in the channels on both anode and cathode sides are in the same direction. By contrast, the flow direction in the channel on the cathode side is opposite to that in the channel on the anode side in the counter-flow configuration. A schematic representation of the different configurations is presented in Figure 4 . Moreover, the effects of the operating temperature and the humidification of the gaseous mixture at the channel inlets for anion-exchange fuel cells have also been analysed. The operating parameters used in this study were taken from published literature and are presented in Table   6 [15].
Effect of flow direction
In order to investigate the effect of the flow direction on the fuel cell performance, three different temperature values have been considered for both co-flow and counter-flow configurations. The variation of voltage with current density for both co-flow and counter-flow configurations are shown in Figure 5 , which demonstrates that for the set of parameters used, the flow direction in the channels does not a major influence on the overall performance of the fuel cell because the supply of reactant species to the catalyst layer is not affected by the flow direction for these operating conditions. Nevertheless, it has been found that the gradient of water vapour molar concentration is slightly higher in the counter-flow configuration at the cathode side, mainly due to the slightly higher drag of liquid water from the anode side, which is consistent with previous findings [51] .
Effect of operating temperature
As the flow direction does not have a major influence on the overall fuel-cell performance, the influence of operating temperature (which is the temperature at which the mixture is supplied) on the fuel cell performance has been analysed for the counter-flow configuration. Figure 6 shows that an increase in the operating temperature increases the mean current density for a given output voltage. An increase in operational temperature improves the electrochemical kinetics according to Eqs. 16 and 17. The hydration of the membrane play an important role in the fuel cell performance. Figure 7a demonstrates that the membrane water content increases with increasing temperature, which is in accordance with previous experimental findings [52] . Thus, the enhanced ion conductivity due to high water content in the membrane gives rise to a smaller Ohmic loss in the membrane. The product of the electrochemical reaction is water in the liquid phase in the anode catalyst layer. Figure 7b shows that the volume fraction of liquid water decreases as the temperature increases. Although the liquid water production increases for higher temperatures, this production is superseded by high evaporation rate at high-temperature values due to the fact that the saturation pressure in the catalyst and gas diffusion layers are higher than the water vapour pressure. Furthermore, the combination of high relative humidity at the anode side and the water production in the liquid phase are responsible to the back diffusion process which drags liquid water from the anode to the cathode side in the dissolved phase. This, in turn, contributes to the decrease of the liquid water fraction in the anode side and also enhances the hydration of the membrane and catalyst layer in the cathode side. Figure 8 shows that the relative humidity of the supplied mixture at the inlets has a significant influence on the fuel cell performance. The water demand for − formation is directly related to the elevation of the Butler-Volmer reaction rate. Thus, the relative humidity has a higher impact in the lower output voltages where the current density values are high. A decrease in relative humidity from 90% to 80%
Effect of inlet humidification
shows a more drastic loss of performance that that is observed when the relative humidity is decreased from 100% to 90%. The extent of dehydration of membrane is much greater when the relative humidity drops from 90% to 80% than the corresponding effect as a result of the relative humidity drop from 100% to 90%. Since the sorption and desorption processes are governed by the gradient of water activity between the anode and cathode side, the hydration of the membrane is negatively affected by a reduction of relative humidity at the channel inlets, which gives rise to higher ionic resistivity (i.e. higher ohmic loss) leading to a smaller value of current density than better hydrated cases. Therefore, the membrane water content reduces with the weakening of water transfer within the membrane, which can be substantiated from Figure 9a . Regarding the liquid water phase, as presented in the Figure 9b , the liquid water fraction is higher for the better humidified case. The main reason for the reduction of the liquid water fraction within the catalyst and gas diffusion layers is the fact that the lower relative humidity enhances the evaporation processes. In addition to that, as the overall performance of the fuel cell is compromised by a less hydrated membrane state, the water produced due to the electrochemical reaction is partially dragged from the anode catalyst layer to the membrane in order to compensate the dehydrated condition caused by the decrease in the relative humidity at the flow channel inlet.
Moreover, the relative humidity has also an impact in the heat transport within the layers. A larger gradient of molar water concentration across the layers (vertical mid-plane) is observed for the values of smaller relative humidity, resulting in the extraction of more latent heat from the surface. Heat generation within the fuel cell due to the hydrogen oxidation reaction (HOR), which in turn affects the local current density due to its temperature dependence. Therefore, the equilibrium between temperature and reaction rate is altered and a negative feedback between temperature and current density is obtained as shown in Figure 10a . Thus, when combining the smaller heat generation due to the smaller current density and the extraction of latent heat from the surface, the temperature for lower relative humidity is observed to be smaller than the higher relative humidity cases, as shown in Figure 10b .
CONCLUSIONS
A three-dimensional numerical model has been used to analyse the influences of the flow mode, operating temperature and relative humidity on a single channel anion exchange membrane fuel cell performance. The overall performance of the AEM fuel cell has not been significantly affected by the flow direction in the channels for the operating parameters considered in this study. Nevertheless, the overall performance of the AEM fuel cell has been found to be significantly affected by the operating temperature and relative humidity. An increase in operating temperature has a positive influence on the overall performance of the fuel cell due to the enhancement of the electrochemical kinetics and also because of the better hydration condition of the membrane. The relative humidity, when decreased, adversely affects the performance of the fuel cell, mainly due to the high resistance offered to the ions to diffuse in a poor hydration membrane environment. Moreover, the lower relative humidity cases exhibit lower local temperatures, which also contribute to the reduction of the average current density produced in the fuel cell. 1.211 
